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STATUS

REPORT

ON FUSION

This report by the International Fusion Research Council (IFRC) is reprinted here with the permission of ‘Nuclear
Fusion’ the International Atomic Energy Agency’s monthly journal of Plasma Physics and Thermonuclear Fusion.

Introductory Note

The International Fusion Research Council (IFRC) has, as
requested by the International Atomic Energy Agency,
updated the 1970 Status Report on Fusion (Nuclear Fusion
10 (1970)413).

At a meeting held in April 1977 at the International Centre
for Theoretical Physics, Trieste, the international fusion
programmes, advances and potentials were assessed. The
present Status Report is a result of the collective efforts of
the IFRC members: C.M. Braams (Netherlands), M.H.
Brennan (Australia), B. Brunelli (ltaly), G. von Gierke (FRG),
K. Husimi (Japan), E.E. Kintner (USA), B. Lehnert (Sweden),
D. Palumbo (CEC Brussels), R.S. Pease (UK), M. Trocheris
(France) and B. Kadomtsev (USSR) who were assisted by
the Agency representatives J.A. Phillips, A.N. Belozerov
(Scientific Secretary), and H. Seligman. The Chairman of
the IFRC, Dr. R.S. Pease, chaired the sessions and
accepted the responsibilities on the final status report.

The Council’'s unanimous views were conveyed to me in
an executive summary and later as a final status report. This
report stresses the advantages of fusion power,
summarizes the present status of controlled fusion
research, comments on trends and prospects for
development, identifies important technological problems,
estimates possible costs and timescales, and makes
recommendations on international co-operation in this field.

In the belief that the findings of this authoritative body of
experts merit broad consideration, the report is published in
its entirety in Nuclear Fusion, to whose readership it should
be of particular interest.

The efforts of the IFRC and its Chairman are greatly
appreciated.

Sigvard Eklund

1. Introduction

The central role of energy consumption in modern society
is well known. The world is now also keenly aware of the
potential shortages arising from the pending exhaustion of
fossil fuel resources, and of the social stresses that result
from the sharply rising fuel prices and the localized nature
of the reserves.

Nuclear fusion is the process in which light nuclei collide,
fuse together to form heavier ones and release energy. It
takes place in high-temperature matter, as in the sun.
Controlled nuclear fusion offers the prospect of a major new
source of energy from the light elements on earth, one that
is essentially limitless and which, if it is successfully
developed, could be used for the large-scale central
generation of electricity. Thus, controlled nuclear fusion is
potentially a final solution to the energy problem, a feature
which it has in common with both nuclear energy from
fission breeder reactors and solar energy (both direct and

indirect forms such as wind, waves and thermal gradients).

Nuclear fusion, like fission, offers the prospect of
continuous central electricity generation. Environmentalily it
appears to have potential advantages over fission because
the fuel used is more abundant, no fission products are
produced, fusion does not of itself involve any fissile and
transuranic elements, and the amount of fuel in the reaction
zone (about 1 g) is safe. Nonetheless, fusion does have
some environmental impact, including radioactivation of
structural materials. The guantitative aspects of this matter
are discussed later in this report.

Solar energy is abundant and environmentally attractive.
It is diffuse and variable in time and place, and seems on
this account more difficult than nuclear energy for central
electricity generation but more favourable for localized use,
especially in developing countries. One may therefore
envisage that in the next century three long-term sources of
energy could be available to replace the dwindling or
exhaused fossil fuels: fusion, fission and solar energy, each
one claiming its place when, depending on local conditions
of supply and demand, its characteristics give it a
competitive lead.

Fusion is still in the research stage. Very good progress
has been made since the IFRC last reviewed the work in
1970. As a result, it seems that the scientific basis for
building controlled nuclear fusion devices with a net energy
output from the deuterium-tritium reaction is no longer
seriously in doubt. But this result needs to be proved, and
the research has to be combined with engineering
developments to establish whether or not technologically
and economically practical fusion energy systems can be
developed.

The purpose of this report is to present the current status
and prospects for fusion and to recommend to the |IAEA
international initiatives to help establish the fusion option.

2. Physics Research Progress

Two basic conditions have to be satisfied in order to
realize fusion reactors: firstly, the fuel has to be heated to a
temperature T in the range from 50 to 500 million degrees;
secondly, the so-called Lawson criterion has to be fulfilled,
i.e. the product n7 of plasma number density n and energy
confinement time T has to exceed about 10"“ cm* s. The
most accessible reaction is that between the hydrogen
isotopes, tritium and deuterium, which can ignite at 100 M°C
with n7 = 10" cm™ s; other reactions, such as D-D, D-*He
or D-°Li, require higher values both of temperature and of
n7. The required values of nT can be lowered by about an
order of magnitude in the so-called two-component
approach, but at the penalty of high circulating power in the
envisaged power station.

The required conditions can, in principle, be fulfilled in
two ways, namely by magnetic and by inertial confinement.
In both methods, substantial progress has been made
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during the past years. Common to both is an improved
understanding of physical phenomena in high-temperature
plasmas, arising from improved methods of experimental,
theoretical and computational exploration and a wider
range of experimental devices.

In magnetic confinement, the most impressive progress
towards the plasma conditions needed in a reactor has
been achieved with the so-called tokamak system. Over the
years, a dozen or so devices of increasing size and power
have contributed to the understanding of tokamak
behaviour. Substantial progress has been achieved also
with other systems of magnetic confinement, although on a
more limited scale and with less overall world efforts.

The most important progress with inertial confinement
has been in the theory and in the successful demonstration
of laser-driven pellet compression. Target compression and
heating has recently also been achieved by relativistic
electron beams.

2.1 Magnetic confinement
2.1.1 TOKAMAK SYSTEM

In this system the plasma is heated and confined by an
electric current passed through the plasma in a toroidal
chamber, with a strong external field to stabilize the current
flow. Following the encouraging results obtained in the late
1960s, there was a considerable world-wide development
of the tokamak programme. This effort and the favourable
properties of tokamaks have led to a remarkable progress
since 1970.

Quantitatively, the ion temperature has been raised from
700 eV to about the value of the electron temperature, viz.
2000 eV, by introducing secondary heating techniques. The
confinement times have been improved to about 50 ms.
Higher densities and cleaner plasmas have been achieved
and it was observed that the confinement time increased
linearly with density; as a result, the value of the thermal
insulation, measured by the nT product, has been improved
forty-fold to 10"°cm * s, so that there is now an overlap of
what is achieved and what is needed for substantial energy
production.

Most recent results of experiments on larger apparatus
have shown that increasing the linear dimension of
tokamaks by a factor of two has not led to difficulties in
generating the discharge, and it has produced the
expected trend in the improvement of the energy
confinement time.

The increase in ion temperature was possible through
successful development of heating by neutral particle
injection. The progress made in this field can be measured
by the intensity of the neutral beams, which was brought
from some tens of kilowatts in 1970 to nearly 1 MW now.

In addition to the increase in plasma temperature and
confinement time, substantial progress has been made in
understanding the relevant physical phenomena. A much
better analysis of plasma stability has been made both
experimentally and theoretically. By the use of powerful
computers it is possible to simulate fairly accurately the
evolution of tokamak discharges. These results make it
possible to predict the performance of tokamaks within the
range of present parameters, and to extrapolate beyond
these to reactor conditions.

However, progress is still required in the understanding
of many aspects of the physical behaviour of tokamaks. In
particular, a deeper understanding of transport
phenomena, including so-called disruptive instabilities, is
needed, especially for increased values of electron and ion
temperature and plasma size. Further effort should be
devoted to increasing the plasma pressure as compared
with magnetic field pressure; in present tokamaks the ratio of
these two quantities () is up to about 1%, whereas 5—10%

is required to enable a more efficient use of magnetic fields
necessary for an economical thermonuclear reactor.
Another important problem is the control of impurities in
plasma, where specialized techniques such as divertors,
gas blankets and improved methods of cleaning the
vacuum wall already offer good prospects of keeping
impurities to a low level.

An increase of the ion temperature from the present value
of 20M K to thermonuclear values of 50—500M K by
existing methods seems entirely feasible, but it will require
an increase in secondary heating powers by about ten
times. For example, in neutral injection, powers of several
tens of megawatts with energies of more than 100 keV will
be needed for the next generation of tokamak machines.
Other methods of heating the plasma have been
demonstrated, such as adiabatic compression and radio-
frequency heating, and these can also be applied.

The next generation of powerful tokamak machines (both
in size and magnetic field) now under construction or
awaiting approval is expected to bring direct information on
the physics of plasmas with thermonuclear reactor
parameters. In particular, the experiments will include the
study of deuterium-tritium plasmas under conditions
approaching ignition, that is when the energy released by
the nuclear reactions and absorbed in the plasma can
overcome the energy lost from the plasma by conduction
and radiation.

2.1.2. OTHER MAGNETIC SYSTEMS

In the stellarator and related systems, containment of the
plasma can be achieved without requiring a net current in
the closed plasma ring. To ensure equilbrium of the plasma,
a magnetic field of complex geometry is produced by
external coils; in the stellarator, the torsatron and the helical
heliotron, this is a twisted field possessing the property of a
‘rotational transform’. As compared with the tokamak
devices, these systems offer the favourable potential of
running continuously.

The recent experiments on new installations with helical
winding systems giving poloidal fields equivalent to those in
small tokamak experiments have shown the possibility of
reaching, with Ohmic heating, the same plasma parameters
as in tokamaks. The temperatures reached are in the range
5—-10M°C, and values of nt are 5 x 10" cm® s. The
experiments demonstrate that, as expected theoretically,
under these conditions the helical windings are as effective
in confining plasma as the discharge current of a tokamak.
Furthermore, the idea that stellarators inevitably suffer from
so-called Bohm diffusion is now decisively refuted, both
experimentally and theoretically. The main reason for this
great improvement is the use of more powerful helical
windings, together, perhaps, with the elimination of
imperfections in the magnetic fields. It is now a task of the
immediate future to apply the new heating methods to
stellarators in order to achieve improved plasma conditions
in the absence of the currents used in Ohmic heating.

There is a wide variety of stellarator and related
geometries still to be studied. In particular, some stellarator
configurations were approached from the high-beta side.
The theory suggests the possibility of confinement of such
high-beta configurations, and experiments were made
using the technique of theta pinches. Among these
possibilities, an optimum field configuration may be found
which has the necessary properties to provide a steady-
state confinement system for a thermonuclear reactor.

2.1.3. THE DIFFUSE PINCH

Investigations have been carried out in a number of
laboratories on the confinement of plasma in toroidal
discharges stabilized by longitudinal fields which are only
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of the same magnitude as the fields due to the discharge
current. The fluid stability of these systems has been
demonstrated in detail and their self-stabilizing properties
theoretically explained. In particular, reverse field pinches
and screw pinches have shown stable confinement of
plasma at the high values of beta (> 10%) needed for
economic toroidal reactor systems, in agreement with
theory.

Up to now, these experiments were done on installations
of small size where plasma/wall interactions restricted both
the achievable electron temperatures and the duration of
the stable configuration. It is desirable to proceed to larger-
scale experiments in order to evaluate their reactor
potential. Table 1 shows the evolution of plasma parameters
in toroidal pinches during the last two decades.

2.1.4. OPEN SYSTEMS

Open systems have the advantage of topological
simplicity. They have a definite disadvantage, namely the
rapid loss of plasma and energy through the ends. They
have practical advantages for a reactor, in particular: high
values of beta, simple refuelling and exhaust of reaction
products, smaller unit size, and relative simplicity of
construction and maintenance. Therefore, large efforts are
justified to find ways to reduce end losses and improve the
energy balance. The most promising line according to
recent results is the magnetic mirror concept, which is
already a serious candidate for a reactor; others, like linear
theta pinches, solenoidal systems and plasma focus, are at
an earlier stage.

Progress towards stable confinement of hot ion plasmas
in magnetic mirror fields has been substantial during the
past years. Plasma stabilization by filling the trap with a
warm plasma stream led to the production of plasma with
hiqh ion temperatures (10—20 keV) and densities (up to
10" cm™®). Even in a completely stable mirror-confined
plasma, however, the loss of particles and energy along the
magnetic field lines caused by classical Coulomb
scattering (end loss) may still be too high for a fusion
reactor. Calculations indicate that this problem may be
overcome by the introduction of new features, such as (a)
recirculation of the lost energy, or (b) reduction of end
losses by a more complicated geometry of the magnetic
field, such as tandem mirrors and linked mirrors. These
techniques are now being actively investigated.

During the past several years, there was increasing
interest in long, straight magnetic systems with plasma
heated by electron and laser beams. The following
encouraging experimental results have been obtained:

(a) The production and focusing of high-power electron
and laser beams over a distance of a few metres has been
proved.

(b) It was found that, by adjusting the plasma
parameters, the energy deposition rate in the interaction
region could be made as high as 10% per metre.

(c) The theory of multi-mirror end-stoppers has been
verified.

Nonetheless, these systems require very strong magnetic
fields and have to be very long (more than 100 metres) to
counteract the end losses.

Of the pulsed magnetic systems, the so-called plasma
focus, which is perhaps the least understood of all simple
systems is amongst the most effective in producing
simultaneously high values of electron and ion
temperatures, of nuclear fusion reactions and high values of
the product nr/ (about 10'%cm s, with T&T=1—3 keV, and
n = 10%cm™).

-
H

TABLE 1. Plasma parameters in toroidal pinches

Year T, T nT Sustainment

s time
(s) (K) (cm™s) (s)

1955 10‘2 102 10? 107"

1960 10" 10 10"° 3x 1072

1965 2x10°% 10° 10" 2 x 1072

1970 1072 , 5x 106? 5x 10" 10"

1976 5x10° 2 x 100 10" 10°

Reactor 10° 10° i 310

requirements

2.2. Inertial confinement

Inertial confinement fusion research is directed towards
demonstrating the scientific feasibility of very rapidly
heating and compressing small pellets of suitable fuel unti
conditions exist where thermonuclear fusion can occur and
useful amounts of power can be produced. Such pellets
may be heated up to the required temperatures by means
of lasers or beams (electron or ion), or by magnetic
compression.

2.2.1 LASERS

Inertial confinement fusion research to date has
produced implosions of D-T-filled pellets, with observed
thermonuclear neutron production, thus verifying theoretical
predictions in a satisfactory manner for low power levels.
Pellet compressions now yield of the order of 10°
thermonuclear neutrons, several orders of magnitude more
than those first observed only three years ago. Scientific
uncertainties remain about the precise nature of the physics
of beam absorption by target materials and the manner in
which implosion phenomena observed at low energy levels
scale to higher powers.

Rapid advances are being made in the development of
high-power lasers and the associated optical engineering
needed to bring this system to fruition. An encouraging
recent result is that compression has been obtained using
CO, lasers whose energy efficiency can approach that
necessary (>56%) to get a net energy yield.

2.2.2. ELECTRON AND ION BEAMS

The last few years have witnessed progress in further
development studies of the technology of relativistic
electron beams to accomplish micro-explosions. The main
results here are as follows:

(a) It was experimentally proved that a number of ways
exist for magnetic focusing of electron beams on the
surface of targets.

(b) Processes of energy absorption and transfer during
acceleration of the shell up to a velocity of 10" cm/s (that is,
only two times less than that required to initiate the fusion
ignition), 1000-fold compression of fusion fuel and its
heating to kilovolt temperatures were verified
experimentally. These measurements are confirmed by
measurements of output and energy of fusion neutrons (1—
3 x 10° per impulse in pure deuterium targets).

Quite recently, intense pulsed ion beams with energy per
particle ~ 1MeV and energy per pulse ~ 10 kJ were
obtained. Intense ion beams have potential advantages
over electron beams for achieving ignition of fusion targets.
Since the stopping length is much less for ions than for
electrons of comparable energy, lighter targets can be
usedq. c!;11:-1ny ideas for the use of ions are therefore being
studied.
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2.2.3. MAGNETIC COMPRESSION BY MEANS OF IMPLODING
LINERS

Progress has also been made in the field of magnetic
compression of plasma targets by means of imploding
liners, though the combined experiment on plasma
compression and heating by accelerated shells has not yet
been carried out. Results to date are the achievement of
volume symmetric compression inside shells by a hundred
times for the cylindrical case and by up to 1000 times for the
spherical case. Megagauss magnetic fields and plasma
pressures of up to hundreds of kilobars were obtained.

3. Fusion reactors: engineering and technology

Since 1970, studies of envisaged fusion reactors and
their engineering problems have been undertaken in most
countries with fusion research programmes, so that overall
about 10% of current efforts are devoted to this topic. By
comparison with the magnitude of the technical
developments needed, these efforts are preliminary; they
have served to define the main outlines of the problems, to
identify outline solutions and to give assessments of the
potential feasibility of practical fusion reactors. They have
laid the foundations of planning for development
programmes in engineering and technology, provided a
basis for outline costing, and identified the areas of plasma
physics research needing attention.

Essentially all the work has been devoted to reactors
based on the D-T thermonuclear reaction, because the
physical conditions required for these reactions will be
reached first, and because, for a given plasma pressure
and volume, this reaction yields the highest power output.
The reaction itself defines some of the principal features of
an electricity generating reactor. The tritium has to be bred
from lithium in a blanket surrounding the thermonuclear
plasma; most of the reaction energy is deposited in this
blanket region by 14 MeV neutrons from the D-T reactions
and from °Li(n)T reactions (the blanket has to be of the order
of 1 metre thick); the heat has to be transferred by a coolant
from the blanket to a generating plant driven by
conventional thermal engines; and the blanket has to be
supplemented by a biological shield region to reduce the
neutron and gamma radiation to safe values.

3.1 Systems studies (magnetic)

Most of the recent conceptual designs for magnetic
fusion reactors have been based on the tokamak system.
About a dozen tokamak reference designs are extant today,
covering both experimental and commercial systems. They
have provided many fundamental insights regarding
tokamaks as fusion reactors, and have identified and
defined key technological problems and assessed the
potential for solving them. After a generation of studies, a
convergence of solutions and a process of optimization are
beginning to emerge.

The main common features of the conceptual tokamak
reactors considered so far are:

Thermal power in the range 2—5 GW
Overall conversion efficiency 30—40%
First wall minor radius 2—5m
Major radius 10—15m
Toroidal magnetic field 38T

(produced with superconducting

D-shaped coils of NbTi)
Plasma current 10—20 MA
Current pulse duration 100—1000 s

Some of the studies have been carried out in
considerable depth and detail, and achieved a substantial
degree of self-consistency. Thus they give considerable
confidence that a tokamak-based electricity generating

system can be built. At the same time they involve
suppositions which, though plausible, impinge strongly on
practicability and cost factors which are vital if
thermonuclear power is to become a reality. Examples are:

(a) The values of beta assumed, 5—10%, are higher than
the 1% achieved experimentally.

(b) The plasma has to be kept stable and clean for times
of 100—1000 s.

(c) Refuelling and divertor systems are assumed to give
a steady state, i.e. a balance of energy and particle
throughput for long burn-times.

(d) The power loading of the first wall (and hence of the
blanket) can be in the range 1—10 MW/m’ without
producing radiation damage or other effects leading to loss
of integrity such that the first wall has to be replaced
frequently.

Naturally, other confinement systems having potentially
advantageous features, such as DC operation, high beta, or
built-in refuelling, have also been studied. In general,
studies of reactors based on other systems have involved
greater  extrapolation from present experimental
achievement or theoretical understanding, and have not
been so detailed. As a result, the choice of the most
practical system for a fusion reactor remains an open
question. It is an important task for the immediate future to
pursue urgently these studies of alternative systems.

The class of ‘fusion energy multipliers’, whose main
representative was always the open-ended mirror concept,
has recently been extended to toroidal systems such as the
‘two-component tokamak' and the ‘fission-fusion hybrid
system’, on which reactor schemes have been proposed,
With the mirror concept, they have in common: an energy
amplification factor in the range 1—10, less severe Lawson
conditions (n7~10"), a possible DC operation, smaller size
and no need for special fuel supply arrangements. The
relatively large circulating power requires high conversion
efficiency and imposes a cost penalty which must be offset
by, for example, elimination of separate heating and
refuelling systems, or by the reduced values of nr required.
Proposals for reducing the circulating power in a mirror
reactor seem conceptually attractive and worthy of more
extensive experimental study.

The pioneering work on conceptual studies of a
stellarator reactor was done in the early decades of fusion
research. More recent studies have shown that helical
external magnetic windings can be both expensive and
difficult to assemble and maintain. It is therefore important
that new theoretical and experimental work has identified
simpler forms of external windings that are more applicable
to reactor construction and have been tested
experimentally. Now that the plasma physics problems of
stellarators are yielding to experiment, a resurgence of
reactor interest may be expected. An important need is to
demonstrate stellarators operating at a value of beta in the
range of 10% or more, which will be the task of plasma
physics for the coming years.

3.2. Development of technology for magnetic systems

The problems of the D-T reactor can be classified under
two main headings: those common to all magnetic
confinement systems, and those special to the system
proposed.

3.2.1. COMMON PROBLEMS

(a) REACTOR BLANKETS. The thermonuclear plasma is
surrounded by a blanket region which captures the
neutrons in lithium to breed tritium, provides the primary
heat removal region of the nuclear energy and shields the
magnetic coil system from nuclear radiation. A number of
blanket geometries have now been considered, and
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breeding ratios greater than unity can readily be obtained,
with a blanket thickness of the order of 1 metre, within
established nuclear engineering technology. For the
coolant, liquid lithium is attractive from the viewpoint of
tritium breeding and heat characteristics, but has less
desirable features in safety and corrosion resistance, and
flow characteristics in the presence of strong magnetic
fields. New concepts use helium cooling, together with the
lithium encapsulated either as a metal, oxide or salt.
Modular design is thereby simplified, but a neutron multi-
plier with a high (n-2n) cross-section is found necessary in
some designs. Verification of the neutronics of blanket
designs by detailed comparison with experiment is
required, and the first experiments with simple config-
urations are under way.

(b) TRITIUM PROCESSING. Preliminary studies show that
the quantities of tritium present in a fusion reactor, up to 10
kg/GW(e), can be safely processed and stored. Detailed
design studies and experiments, however, have not yet
been carried out.

(c) VACUUM WALL. In the reactor design concepts the
vacuum container (or first wall exposed to the
thermonuclear plasma) will be subjected to 30-40 MW.year/m’
of fusion radiation energy in the form of neutrons, energetic
particles and photons. Early data imply a radiation limit at
around 5—10 MW: year/m’, and a better material operating
at the expected temperatures in a reactor must be
developed. Relatively little is known today of the mechanical
integrity and ductility of materials subjected to radiation
damage from 14 MeV neutrons. Thermal and mechanical
recycling effects which will occur in pulsed systems are an
additional feature requiring attention.

The control of wall material dislodged by bombardment of
energetic particles by the well-established mechanisms,
including evaporation, sputtering and unipolar arcing, is
expected to be feasible by: (1) selection of the optimum
low-Z material (perhaps as coating), and (2) the use of
divertors or of a gas blanket to reduce exposure of the wall
to high-energy patrticles.

(d) DIVERTOR. Magnetic divertors are being designed to
restrict contamination from the wall and to exhaust the
large quantities of unburnt plasma and reaction products. A
promising experimental start has been made on evaluating
the performance of design concepts, and although much
work remains, divertors so far have worked as planned.
Divertors involve difficult special coil systems, and
incorporating them into power reactors with modular
construction and minimum circulating energy presents
serious design problems.

Examination of the cold gas blanket concept for impurity
control and refuelling will be possible on the large
experiments now under design and construction.

(e) RADIOACTIVITY. Since 1970 much more detailed
estimates of the neutron-induced activity of the structural
material have been made. The stainless steel or nickel
alloys and molybdenum seem to offer immediate prospects
of combining practicality with the advantage of not very
long-lived activity. Some very low-activity structural
materials (V, Ti, Al alloys) have been suggested. These,
together with a number of low-activity alloying or non-
metallic elements (Si, C), offer possibilities which deserve
greater attention because every reduction of radioactivity in
the surrounding structure offers further improvement with
respect to a key environmental advantage of fusion and
eases the problems of maintenance and repair of the
structure. Because existing commercially available
materials have not been developed with fusion reactor
needs in mind, a systematic investigation of new material,

specifically optimized to minimize radioactivity and
radiation damage in fusion reactors could well be very
fruitful.

(f) MAGNETIC FIELDS. The design and construction of the
superconducting magnetic field coils needed in many
designs, although large and complex, would appear to
require a straightforward engineering development
programme, provided NbTi can be used. On the other
hand, the construction of a large Nb,Sn coil is a more
formidable undertaking, including the production of the
Nb,Sn material and the containment of the stresses at the
higher fields. A source of some anxiety is the relatively
unknown behaviour of the superconducting coils in fields
that vary by 0.5 T/s as are needed in some designs. There is
now a strong collaborative effort by several countries in the
construction of large coils.

(g) MAINTENANCE. A modular design concept of
tokamak reactors has been explored to simplify the repair
and replacement of parts. Remote handling techniques of
radioactive components have to be further developed.
These considerations have a major effect on the reactor
configuration and mechanical design. The approximate
weight of the modules in some designs is 100 tonnes.

3.2.2. SPECIAL PROBLEMS

(a) INJECTION OF COLD FUEL. Experiments on the
injection of fuel during the burn-cycle required in some
reactor designs are urgently needed. A number of
questions on this important problem remain open, and more
definitive experiments are now under way.

(b) HEATING. In addition to Ohmic heating produced by
passing an electric current through the plasma, there are
two main heating methods which are being developed:
injection of energetic neutral atoms and application of
radio-frequency power.

Striking progress has been made since the early 1970s in
the neutral injection heating, with neutral beam injection
power per module being raised from 10 kW to nearly 1 MW.
The further development of injected power from 12 MW for
2—3 ms, at present used in some experiments, to that
required in a reactor, 100 MW for 1 s, seems to be a
relatively straightforward engineering development. But
attention will have to be given to further increase the
efficiency at high atom energies by exploiting injection
concepts such as ripple diffusion, negative ions at higher
energies and energy recovery from ion beams.

The achievement of these intense beams of neutral atoms
has encouraged the concept of energy multiplying systems
such as the two-component reactor plasma, i.e. energetic
injected particles reacting with a relatively cold background
plasma, as mentioned earlier.

Efficient heating by large RF systems has been proven for
the ion cyclotron heating. To avoid a complicated launching
assembly in the heart of the reactor, higher frequency
resonances are preferable. The development of the
required power supplies is a straightforward engineering
development, but the coupling mechanism to the plasma
needs more study, particularly under reactor conditions.

(c) ENERGY STORAGE. Some fusion power reactors
could require reversible energy storage in the range of
several gigajoules delivered in a period of a fraction of a
second to several seconds. Initial progress has been
achieved using two different technologies. Inductive
storage devices using superconductive components have
stored up to 500 kJ and have been discharged in ~1 ms. A
reversible homopolar energy transfer system has been
designed to discharge 10MJ of stored energy in 30 ms.
Nonetheless, substantial development work is needed if
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Target chamber for laser fusion at the Lawrence Livermore Laboratory, USA

these techniques are to be applied to gigajoule storage
systems

3.3. Inertial confinement fusion reactor concepts

A conceptual laser fusion reactor would consist of a
reaction cavity in which the thermonuclear energy is
released from deuterium-tritium reactions within a pellet,
located at the centre of the cavity, with thermonuclear burn
initiated by a laser pulse. A blanket of lithium surrounds the
source of fusion neutrons

A feature of laser fusion reactors that differs significantly
from magnetically confined reactor concepts is the fact that
the energy pulses represent substantial amounts of energy
released on a very short time-scale. The minimum energy
release, determined by both physical and economic
considerations, is probably about 100 MJ (roughly
equivalent to 20 kg of high explosive). Although the
hydrodynamic blast created by the pellet micro-explosion
can be controlled with relative ease (because the energy is
carried by a small mass of high-energy particles), large
stresses can result from high rates of neutron energy
deposition in the blankets and structural materials. A major
design problem in containing this energy is posed by the
need for a low-pressure cavity in which the pellet can be
heated and compressed by a laser pulse without prohibitive
laser energy loss along the beam path, while at the same
time a finite layer of blanket material that surrounds the
pellet is maintained

Several conceptual designs have been proposed for pure
laser-fusion reactors to cope with the characteristic first-wall
problems typical of inertially confined fusion reactors. Three
different types of first wall have been proposed: a dry wall, a
wet-wall and a magnetically shielded wall. Hundred-
megajoule explosions could be contained in a chamber of >
3.5 m diameter, without exceeding fatigue limits, using
niobium, molybdenum or stainless steel at temperatures up

to 1000 K in the wet-wall designs

Many of these concepts can be taken over for electron
beam and ion beam inertial confinement systems where
the physical developments are rapid.

Other major engineering problems of laser fusion are the
development of high-repetition-rate, highly efficient lasers,
together with the associated high-reliability optical
engineering that will be needed, and cheap and reliable
fabrication of the target pellets. Progress with lasers and
optical engineering is very rapid, so that the apparently
extreme demands which have to be met for practical
energy production should not, at the present stage, deter
research on laser fusion

3.4. Overall assessment and future needs of reactor
engineering

No single technological obstacle which may make
reactors impracticable has been found so far in these
studies of the conceptual design of fusion reactors
However, much needs to be done in order to approach
realistic engineer-stage reactor design, especially in the
domain of electrotechnical engineering and in establishing
the practicability of materials with the required properties
The accomplishing of conceptual designs of D-T tokamak
fusion reactors gives rise to a much greater confidence in
the outcome of fusion research.

The present conceptual designs, however, are by no
means to be taken as final designs, because the
development of plasma physics, the potential for
developments in component quality and rating, and the
introduction of new ideas will undoubtedly change the
overall view of the reactor systems. These designs should
rather be regarded as revealing critical features and so
stimulate further studies in improving these aspects.

The phasing of individual technological development
should be prudently chosen. Too early a detailed
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